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Introduction. The paper considers the evolution of friction 
coefficient of the pair of copper - steel alloy under friction in a 
hexanoic acid solution in various concentrations, and antiwear 
properties of the steel-steel friction pair in an _ oil-acidic 
medium. The work objective is to explore the effect of 
hexanoic acid additives on the tribological characteristics of 
friction pairs under the friction interaction in waterborne and 
paraffin-based formulations. 

Materials and Methods. Tribological studies of a brass-steel 
friction pair were carried out on the AE-5 end-type friction 
machine. Antiwear characteristics were explored on a four-ball 
friction machine (FBW) in accordance with the standard 
GOST 9490-75. When tested at the FBW, the objective 
parameters of the lubricity of the oiling compositions were: 
welding load (Pc); wear spot diameter (Dx), critical load (Pk). 
Roughness parameters of the servovite film were determined 
through the optical profilometry; its microgeometry and 
structure at the nanoscale — through the atomic force 
microscopy. 

Research Results. Tribological properties of the brass-steel 
tribocoupling in aqueous media and _ steel-steel one in 
petroleum paraffin-based media are studied. The dependence 
of the frictional characteristics of the brass-steel friction pair 
on the concentration of carboxylic acid is established. Its 
optimum concentration is specified, which provides the effect 
of wearlessness. A decrease in surface roughness is revealed 
as a result of the frictional interaction of a brass-steel friction 
pair in the hexanoic acid solution compared to the initial 
friction surface due to the formation of a sufficiently dense 
layer from fine-grained copper clusters with tight particle-size 
dispersion. The tribological characteristics of a steel-steel 
friction pair were found to depend on the composition of the 


lubricant. It is shown that the dependence of the size of the 
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Beedenue. Padota ocBalleHa UCCIeOBaHHIO 93BOJIIOIMH 
KooPMUuNNeHTa TPeHHA Mapbl CIIaB MeJ[b-CTasIb PW TPeHUH B 
BOJHOM pacTBOpe KalpOHOBOM KUCJIOTBI pa3sIM4HOW 
KOHICHTpalluv, a TakKe W3yYeHHIO IPpOTHBOW3HOCHBIX 
CBOHCTB Mapbl TPCHHA CTasIb-CTasib MPH TpeCHHM B MacJIAHO- 
KMCJIOTHOH cpene. Llemb¥o WaHHOTO MCCIIeOBAaHWA ABIIAJIOCb 
w3yuyeHve BIIMAHHA WOOaBOK KalIpOHOBOM KUCJIOTbI Ha 
TpHOonorMueckWe xXapakTepHcTHKH ap TpeHua pu 
(PHKUMOHHOM B3aMMOeHCTBHH B COCTaBaxX Ha BOJHOM 
OCHOBe H Ha OCHOBE Ba3eJIMHOBOrO Macuia. 

Mamepuanbi u memoodoi. Tpopenenbl tTpHuOonormueckue 
UCCII€OBaHHA Wapbl TPeHHA JaTYHb-CTalib Ha MalliMHe TpeHHA 
TopyeBoro Tupa AE-5. UccreqoBanne mpoTHBOW3HOCHBIX 
XapaKTepHCTHK MpOBOAMIOCb Ha YeThIPexXIapHKOBOU MallinHe 
TpeHua (ULLIM) B cootrBetcTBue co craHyaptom TOCT 9490— 
75. IIpu ucnbiranuax Ha ULM o6bekTuBHbimu TapaMeTpaMu 
CMa3bIBalOINMX CBOMCTB CMa304HbIX KOMMO3HIUMM ABJIAJIMCB: 
Harpy3Ka cBapnwBaHHa (Pc); uamMeTp maTHa u3HOoca (Dx), 
KpuTuyeckaad Harpy3ka (Pk). IlapamMetpbi wepoxoBaTocTu 
C€pBOBUTHOH IJICHKN OpeeuAIMCh C MOMOLM[bIO ONTHYeCCKON 
IIpomusIoOMeTpHu; ee MUKporeoOMeTpHA UU CTpyKTypa Ha 
HaHOYpOBHe — C TOMOII[bIO ATOMHO-CHJIOBOM MUKPOCKOMMH. 
Pe3yibmamoi ucciedoeanua. VU3y4eHbl TpuOonormueckue 
CBOHCTBa TPHOOCONpsKeHHA JIaTYHb-CTalIb B BOJHbIX cpeyax 
WM CTasib-CTaJIb B Cpejax Ha OCHOBe Ba3eJIMHOBOrO Maciia. 
YctTaHOBJIeHa 3aBMCHMOCTb (puKIMOHHBIX XapakKTepHCTUK 
lapbl TpeHHA JaTyHb-CTasIb OT KOHI[CHTpalluu KapOoHoOBOH 
KMCJIOTbI. OOHapyxKeHa ee ONTHMasIbHad KOHICHTpallua, 
oOecneunBarollad peamm3alu1o 93deKTa Oe3bI3HOCHOCTH. 
BbIABJICHO YMeCHbINeCHHe IIepOXOBaTOCTH MTOBepXHOCTH B 
pe3ylbTaTe (puKIMOHHOrO B3aHMOJeHCTBHA Mapbl TpeHns 
JIaTYHb-CTaJIb B BOJIHOM pacTBOpe KalIPpOHOBOM KUCIOTHI 0 
CpaBHeHHIO C HCXOHOM MOBePXHOCTbIO TpeHHA BCIIeCTBHE 
(OpMUpoBaHHA AOCTATOYHO TJIOTHOrO COA, OOPaxs0BaHHOro 
MECJIKO3CPHUCTBIMH KiIacTepaMH MeJIM C MaJIbIM pa30pocoM 
pa3mepy. 
TpHOOTeXHHYeCKHX XapaKTepHCTHK Mapbl TPCHUA CTAaJIb-CTAJIb 


yacTuIl 10 OOnapyxxeHa 3aBMCHMOCTB 
OT cOcTaBa CMa304HOM cpeybI. [loka3aHo, 4TO 3ABHCHMOCTB 


pa3Mepa JWaMeTpa NATHA U3HOCaA OT COTCpxKAHUA KUCIIOTbI B 
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wear scar diameter (WSD) on the acid content in the base oil 
is nonmonotonic in nature with a pronounced minimum at a 
concentration of 0.1 mass. %. The critical load (Pk) at a 
content of 0.05 and 0.1 mass. % increases by 32%, welding 
load (Pc) - by 27%. 

Discussion and Conclusions. As a result of the tribological 
studies of a brass-steel friction pair in the hexanoic acid 
solution, it has been found that the optimum acid molar 
concentration in the lubricant composition is 0.1 mol/L. Under 
the frictional interaction of a brass-steel pair in the hexanoic 
acid solution, an antifriction copper film is formed on the 
friction surfaces, which contributes to a sharp decrease in the 
friction coefficient to 0.007 and metal wear of the friction pair 
to 25 times. As a result of the frictional interaction of a brass- 
steel friction pair in the hexanoic acid solution, a decrease in 
roughness is revealed compared to the initial friction surface. 
It is found that the frictional interaction of a brass-steel pair in 
the hexanoic acid solution causes a significant modification of 
the friction surface as a result of the deposition of finely 
dispersed copper clusters occurring in the lubricating medium 
composition and forming a servovite film. As a result of 
studies, it is found that the dependence of the WSD size on the 
acid content in the base oil is nonmonotonic in nature with a 
significant minimum at a concentration of 0.1 mass. %. It is 
shown that the addition of 0.1 mass. % of hexanoic acid into 
the lubricant composition exhibits the smallest wear of the 
steel-steel tribological pair, the WSD decreases to 0.497 mm, 
the critical load (Pk) and the welding load (Pc) increase by 
32% and 27%, respectively. 


Keywords: friction coefficient, selective transfer, servovite 
film, wear scar, welding load, critical load 
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6a30BOM Macjie HMeeT HEMOHOTOHHBbIM XapakTep Cc HasIM4HeM 
aApKO BbIPaxKeCHHOTO MHHUMyMa IIpv KOHIeHTpanun 0,1 Macc. 
%. Kputuueckas Harpy3ka (P,) mpu cogzepxaHun 0,05 u 0,1 
Macc. % yBeIM4uBaeTca Ha 32%, Harpy3Ka cBapuBaHus (P,) 
— Ha 27 %. 

O@cyacodenue u 3aKmoUeHUA. B pe3yibTaTe TONHOONOrM4eCcKHx 
UcciIeqOBaHnH Wapbl TpeHuA JlaTyHb-CTaJiIb B BOJHOM 
PacTBOpe KalIPOHOBOM KUCJIOTHI BbIABJICHO, UTO OMTHMaJIbHOU 
MOJIAPHOM KOHI[CHTpallMeH KUCIIOTbI B COCTaBe CMa3KH 
apiaetca 0,1 monb/n. [pu dpukwvoHHOM B3aHMOJeHCTBHU 
llapbl JaTYHb-CTasib B BOJHOM pacTBOpe KallIpOHOBOM KUCIIOTHI 
Ha IIOBepXHOCTAX TpeHua (bopMupyetTca aHTHdpuKWMOHHAaA 
MejIHad IWJIeHKa, CmOcOOcTBYyIOIad pe3KOMy CHWKeHHIO 
koomddumuenta TpeHua Wo 0,007 u u3HOCa MeTAaIIIOB Mapbl 
TpeHua 0 25 pax. B- pe3ynbtare dpukuMOHHOrO 
B3aMMOJeCHCTBHA Wapbl TPeCHHA JlaTYHb-CTaIb B BOJ[HOM 
pacTBOpe KalpOHOBOHM KUHCJIOTbI BbIABJICHO YMeHbIIeHHe 
INe€pOXOBaTOCTH TO CpaBHeHHIO C HCXOJHOM MOBePpXHOCTbIO 
TpeHud. OOHapyxeHO, 4TO (pPHKWMOHHOe B3aMMOJeMCTBHe 
llapbl JaTYHb-CTasib B BOJHOM pacTBOpe KallIpOHOBOM KUCIIOTHI 
IIpHBOAMT K 3HAYMTebHOM MOAMMUKalMA MOBepxXHOCTH 
TpeHHA B pe3yiIbTaTe OCaxKTeCHHA MeJIKOJMCIepCHBIxX 
KJIACTEPOB MeH, OOpa3yIOIIHXCA B COCTaBe CMa304HOM CpesIbl 
uM (dopmMupyrolulMx cepBOBHTHy!O WieHKy. B_ pe3ysIbTaTe 
UCCIeOBaHHH YyCTaHOBJICHO, 4TO 3aBHCHMOCTb pa3Mepa 
MaMeTpa NATHA U3HOCAa OT COep2xKAaHHA KUCIOTbI B 0a30BOM 
MacjIe HMeeT HCMOHOTOHHBIM XapakTep Cc HaJsIM4HeM sAPKO 
BbIPAKeHHOrO MMHUMyMa TIpH KOHIeHTpauuu 0,1 macc. %. 
Iloxa3aHo, 4TO WOOaBeHue 0,1 Macc. % KalIpOHOBOM KHCJOTHI 
oOHapy2KHBaeT 


B COCTaB cMa304UHOH 


HaMMeHbIUMM W3HOC TpHoOonapbl CTaJIb-CTaJIb, TWaMeTp WATHAa 


KOMIIO3HUHU 


W3HOCa TIpH 9TOM CHMKaeTcaA WO 0,497 MM, kKpuTHUeCKas 
Harpy3ka (P,,) H Harpy3ka cBapHBaHHa (P.) yBesIM4NBaIOTCA Ha 
32% u 27 % COOTBETCTBEHHO. 


Ku1roueBbie C10Ba: KOIPMUNMeHT TpeHHA, H30NpaTeJIbHBIM 
TlepeHoc, CepBOBHTHad TJIeHKa, MATHO W3HOCa, Harpy3ka 
CBapMBaHuA, KPUTMYeCKad Harpy3ka. 


Oopazseu ona uumupoeanua: JIporan, E. I. Uccneqopanue 
IOBeEpXHOCTH TpHOOKOHTaKTa ocwIe TpeHHA B BOJHOM 


pacTBope kampoHopow xKucnoThr / FE. IT.  J\{poran, 
B. 9. bypmaxosa // BectHuk JloHcKoro roc. TexH. yH-Ta. — 
2019. — T. 19, No4. — C. 366-373. https://doi.org/ 


10.23947/1992-5980-2019-19-4-366-373 


Introduction. The issues of friction and wear are the basis of tribology, the science of the interaction of the 


mating surfaces of contacting bodies in relative motion. In the aerospace and engineering industries, the reduction of 


friction and wear is one of the priorities [1-3]. Currently, to reduce friction and wear, special attention is given to 


lubricants with antifriction additives, which are used as metals or metal oxides with particle sizes in the nanoscale [4— 


7]. It is found that among the metals used as modifiers or metal plaque additives, copper shows a great tendency to 


reducing friction and wear as a result of the formation of a metal film with low shear strength on rubbing surfaces on 


the steel surface [4]. Under friction, such a film prevents direct contact of steel surfaces. Studies on the tribo-conjugated 


surfaces after friction at the nanolevel establish a dependence of the evolution of the friction and wear factor of a 


tribopair on the morphology and physicomechanical characteristics of the antifriction film [8, 9]. 


It should be noted that oil-based lubricants with nano-additives demonstrate improved tribological 


characteristics, but their application inevitably causes the environmental pollution. Their reuse is not possible. 


In this regard, this study objective was to study impact of the hexanoic acid additives on the tribological 


characteristics of friction pairs under the frictional interaction in water-based and petrolatum-based formulations. 
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Materials and Methods. The evolution of the friction factor of the system “brass 59 - aqueous solution of 
carboxylic acid - steel 40X” was studied on an AE-5 end friction machine with a rotation speed of 180 rpm under an 
axial load of 98 N for 10 hours in the laboratory “Hybrid functional materials based on graphene”, REC “Materials”. 
Hexanoic acid with a concentration of 0.025-0.5 mol/l was used as an organic component of the lubricating 
composition. 

The investigation of anti-wear characteristics was carried out on the FBW on GOST 9490-75 standard. The 
friction pair on the steel-to-steel FBW was the point contacts of the balls. Balls for tests were made of bearing steel 
ShKh-15 on GOST 801-78 and thermally processed to a hardness of HRC 62-66. The ball diameter was d=12.7 mm. 
When tested on the FWM, the objective parameters of the lubricating properties of the lubricant compositions were as 
follows: welding load (P,); wear scar diameter (WSD) (D,), critical load (P,,). The tests on the FWM were carried out 
under two modes: tests for 3600 seconds at constant load to determine the wear rate of the test samples through 
measuring the WSD of each of the three balls using the microscope MMU-1 No. 660002; tests for 10 seconds at the 
increased load before welding the balls to determine the values of P,, P,.. The resulting numerical values were 
approximated by the least square method. As a lubricating composition (emulsion) for testing on the FBW, paraffinic 
oil with addition of various concentrations of hexanoic acid was used. The tests were carried out at an acid 
concentration of 0.025—05 mol/l in the base paraffinic oil. 

To determine the thickness of the servovite film obtained on the surface of the tribocontact as a result of the 
frictional interaction of the brass-steel friction pair, as well as its roughness parameters, we used the Contour GT-K1 
optical profilometer with the Vision 64 analytical software installed in the REC “Materials” (nano.donstu.ru). The 
measurements were carried out using vertical scanning interferometry (VSI) with a scanning speed of 0.1 um/s, with the 
RMS repeatability of 0.01 nm. 

The topography of the servovite film surface was studied through the atomic force microscopy (AFM). The 
film surface was scanned using an atomic force microscope of the PHYWE Compact brand under the tapping mode 
with a single-crystal silicon probe with an aluminum coating. 

Research Results. Long-term evolutionary tribological studies of a brass-steel friction pair in an aqueous 
solution of hexanoic acid establish a dependence of the tribological characteristics on the concentration of acid in a 
lubricating medium. The analysis of the variation of the brass — steel pair friction coefficient 1n an aqueous hexanoic 
acid solution with a concentration of 0.025 and 0.05 mol/L specifies rather low values up to 0.07 [8, 9]. A further 
increase in the acid concentration in the lubricant to 0.2 and 0.5 mol/L, on the contrary, leads to an increase in the 
friction factor (Fig. 1). 

As follows from the results obtained, during the burn-in period of the tribopair, there is a tendency to decrease 
in the friction factor. However, with the introduction of a high acid concentration, corrosion processes on the contact 
surface are also initiated. The application of hexanoic acid in a lubricant composition with concentration of 0.1 mol/L 
provides the lowest values of the friction coefficient up to 0.007 during lengthy tribological tests, the formation of a 
servovite film and the transition of the system to anti-wear friction [10, 11]. At the same time, wear of a brass-steel 
friction pair 1s reduced by up to 25 times, and on a tribo-coupled surface as a result of a selective transfer during 
friction, a copper film is formed with different roughness and density of surface coating. 
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Fig. 1. Friction factor evolution in the brass-aqueous solution of hexanoic acid-steel system with acid concentration: 
1 — 0.025 mol/L, 2 — 0.05 mol/L, 3 —0.1 mol/L, 4 —0.2 mol/L, 5 — 0.5 mol/L 
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Comparison of the roughness parameters of the formed antifriction copper film under surface scanning by 
optical profilometry establishes significant differences from the original topography. As a result of the frictional 
interaction of the brass — steel friction pair in a hexanoic acid solution, a decrease in roughness up to R, equal to 69.4 


nm was established (Fig. 3), compared to the roughness of the initial friction surface R, equal to 118 nm (Fig. 2). 
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Fig. 2. Study results of the steel surface before friction by optical profilometry: a) 2D visualization, b) 3D visualization, 
c) surface profile. 1 — roughness profile, 2 — surface scan profile, 3 — waviness profile 
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Fig. 3. Study results of the surface after friction by optical profilometry: a) 2D-visualization, b) 3D-visualization, c) surface profile. 
1 — roughness profile, 2 — surface scan profile, 3 — waviness profile 





The surface after friction is a nanochannel located parallel to the sliding direction, which is typical for the 
formation of a smaller amount and particle size of wear products in the lubricant [12]. This state of the friction system 
causes a significant decrease in the friction factor. It is known [13—15] that nanoscale irregularities, as a rule, have a 
lesser effect on the wear resistance of the surface than their micron counterparts due to their almost defect-free 
structure. In addition, the presence of nanoscale irregularities contributes to a decrease in the contact area and increases 
the hydrophobicity of the surface [16], which causes a decrease in the adhesion forces under friction in aqueous 
solutions. In this regard, nanostructured films have huge potential in the processes of decreasing the friction coefficient 
and protecting surfaces from wear. 

Further approach to the friction surface when analysing the atomic force microscopy findings shows that the 
frictional interaction of a brass-steel pair in a hexanoic acid solution causes a significant modification of the friction 
surface as a result of the deposition of finely dispersed copper clusters that originate in the composition of the 


lubricating medium [17] and form a servovite film (Fig. 4). 
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Fig. 4. Results of atomic force microscopy of the sample surface: 
a) before friction, 5) after friction of brass-steel pair in hexanoic acid solution 


As a result of visualization, it is found that the steel surface after friction interaction in a hexanoic acid 
solution is smoothed out and get covered with fine-grained copper clusters [18, 19] due to their adsorption from the 
working medium composition onto the counterface (Fig. 4). At that, the layer formed on the surface is quite dense, with 
a small dispersion of particles in size. 

To study the effect of the hexanoic acid on the anti-wear properties of a lubricant, 1t was instructive to 
consider a steel-steel friction pair. To do this, paraffinic oil was used. From 0.025 to 0.5 mass. % of hexanoic acid was 
introduced to its composition as an additive. The test results have shown a change in the tribological parameters of the 
modified oil. It was found that the dependence of the WSD (D,) on the acid content in the base oil is non-monotonic in 
nature with a pronounced minimum at a concentration of 0.1 mass. % (Fig. 5). The addition of hexanoic acid to the 
lubricating composition as a modifying additive provides the least wear of the tribocouple at an acid concentration of 
0.1 mass. %. In this case, the WSD decreases to 0.497 mm, while the WSD under friction of the steel-steel pair in pure 
paraffinic oil is 0.664 mm. At a concentration of 0.025 mass. % and 0.5 mass. %, deterioration in the tribological 
characteristics of the friction pair 1s observed. Under friction in the base oil with the addition of caproic acid with a 
concentration of 0.05 mass. % and 0.2 mass. %, there is only a slight decrease in the WSD (Fig. 5). 
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Fig. 5. Wear scar diameter dependence (D;) on concentration of hexanoic acid in paraffinic composition: 
1 - 0.025%, 2 - 0.05%, 3 - 0.1%, 3 - 0.2%, 5 - 0.5%, 
The modified oil film strength analysis by the load capacity of the lubricating composition in comparison to 
the base oil established a change in the ultimate bearing capacity of the lubricant. When rubbing in paraffinic oil with 
the addition of hexanoic acid with a concentration of 0.025 mass. %, there is a slight increase in the critical load in 


comparison to pure base oil (Fig. 6). 
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Fig. 6. Bearing and ultimate load capacity of paraffinic 011 modified with hexanoic acid of various concentrations (C): 
| — pure paraffinic oil (PO), 2 — PO + 0.025 mass %, 3 — PO + 0.05 mass %, 4 — PO + 0.1 mass %, 
5 — PO+ 0.2 mass %, 6 — PO + 0.5 mass % 

When the critical load is reached, the rubbing surfaces of the steel-steel pair get hot, the adsorption film formed 
in the base oil destroys, friction 1s enhanced, and the metal surfaces are welded at the points of contact (Fig. 6). 
Hexanoic acid introduced into the base oil reacts with the steel friction surface forming a more resistant chemisorption 
film on the protrusions of the contacting surfaces, which protects the surfaces from wear and reduces friction under 
conditions of high temperature and pressure, due to which the friction surfaces are smoothed out, and wear is reduced. 

The best result under the steel-steel pair friction is observed in paraffinic 011 modified by hexanoic acid with 
concentrations of 0.05 and 0.1 mass. %; in this case, the critical load (P,) increases by 32%, the welding load (P,) 
increases by 27% (Fig. 5). A further increase in the concentration of hexanoic acid to 0.2 mass. % and 0.5 mass. % in 
the lubricant composition already negatively affects its bearing and ultimate load capacity. 

Discussion and Conclusions. The results obtained afford drawing the following conclusions: 

e The tribological studies of a brass-steel friction pair in the hexanoic acid solution showed that the optimal 
molar concentration of acid in the composition of the lubricant is 0.1 mol/L. 

e Under the frictional interaction of a brass-steel pair in the hexanoic acid solution, an antifriction copper film 
is formed on the friction surfaces, which contributes to a sharp decrease 1n the friction factor to 0.007 and metal wear of 
the friction pair up to 25 times. 

e As aresult of the frictional interaction of the brass-steel friction pair in the hexanoic acid solution, a decrease 
in roughness was established, compared to the initial friction surface. 

e It was found that the frictional interaction of a brass-steel pair in the hexanoic acid solution causes a 
significant modification of the friction surface as a result of the deposition of finely dispersed copper clusters formed in 
the lubricating medium composition and forming a servovite film. 

e It was found that the WSD dependence on the acid content in the base oil is non-monotonic in nature with a 
pronounced minimum at a concentration of 0.1 mass. % 

e It is shown that the addition of 0.1 mass. % of hexanoic acid in the lubricant composition exhibits the 
smallest wear of the steel-steel tribopair, the WSD decreases to 0.497 mm, the critical load (P,.) and weld load (P,) 
increase by 32% and 27%, respectively. 
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